T he lamina propria (LP) 3 of the intestinal tract of most mammalian species contains the largest number of plasma cells in the whole body. Most of these plasma cells produce IgA. This IgA is actively transported through the intestinal epithelium into the gut as secretory IgA (sIgA). The function of sIgA within the gut lumen is largely unknown. One favored mode of action of sIgA is to prevent adhesion of microorganisms to the gut epithelium and thus promote exclusion from the gut (immune exclusion) (1, 2) . Both in humans and in experimental animals nearly all of the commensal gut organisms are coated with sIgA (3, 4) . Despite this IgA coating, a relatively stable commensal ecosystem can survive in the gut and is considered to be beneficial for the host.
The presence of commensal microorganisms is important for the induction of IgA production, because germfree animals that do not contain microorganisms lack intestinal IgA (5) . Introduction of commensal microorganisms into formerly germfree animals leads to the rapid onset of IgA production (6, 7) . Recently, Macpherson et al. (8) showed that even in mice lacking T cells, some IgA can be specifically induced by introducing new microorganisms into the intestinal tract. However, not all of the IgA that is induced by particular microorganisms reacts with those microbes. This bystander or natural IgA can account for Ͼ90% of all the gut IgA, even in animals monoassociated with one single species of commensal microorganisms (7) . The ratio of Ag-specific vs natural IgA depends on the inducing microorganisms (9) . The specificity repertoire of this natural IgA is largely unknown.
One pathway for B cells to become IgA plasma cells is by induction of germinal center (GC) reactions in the Peyer's patches (PP) and isolated lymphoid follicles (ILF) that are present along the small intestinal tract. At these sites, B cells are activated and induced to switch to IgA. Activated B cells leave the PP to migrate via mesenteric lymph nodes and the thoracic duct to the LP of the small intestine to become IgA plasma cells. Class switching possibly also takes place outside of the PPs in the LP (10) . IgA ϩ plasma cells located in the LP express both activation-induced cytidine deaminase and transcripts from circular DNA that has been looped out during class switch recombination, making it very likely they had just completed class switch recombination. However, the presence of ILF within the LP as inductive sites cannot be excluded. In addition, lymphotoxin-␣-deficient mice (which lack organized lymphoid structures such as PP and mesenteric lymph nodes) reconstituted with bone marrow from normal mice reveal normal amounts of intestinal IgA (11) . This indicates that the presence of lymphoid structures such as mesenteric lymph nodes and PP is not necessary for the generation of IgA ϩ B cells. In mice, B-1 cells also contribute to IgA production in the gut (12) . B-1 cells differ in phenotype and function from conventional (CNV) B-2 cells. The IgM Abs produced by B-1 cells are often encoded by unmutated Ig V H genes (13) and are frequently reactive with autoantigens and carbohydrate (thymus-independent type 2) Ags of microorganisms (8, 14) . The physiological contribution of B-1 and B-2 cells to the intestinal IgA is still largely unknown.
Different experimental models showed a B-1 cell contribution varying from 1% (15) to Ͼ50% (12) .
B-1 cells are not present in PP. Peritoneal B-1 cells may switch in situ, because germline I-C␣ transcripts were detected in peritoneal B-1 cells (16) . The exact anatomical site and the factors required for B-1 cells to switch to IgA are still open for discussion. Macpherson et al. (8) have proposed that B-1 cells can contribute to IgA production even in TCR ␤,␦ knockout mice, but transfer of purified B-1 cells without T cells into SCID mice does not lead to significant IgA production (17) . The chemokines CCL25 and CCL28 can act as attractants for both B-1 and B-2 IgA Ab-secreting cells (18, 19) . IL-5, IL-6, IL-10, and IL-15 stimulate plasma cell differentiation and expression of IgA (20, 21) .
Although sIgA specific for mucosal pathogens such as Vibrio cholerae (22) , Salmonella typhimurium (23) , and rotavirus (24) can protect in vivo against such infections, the exact role of sIgA in protection against mucosal pathogens has recently been challenged. Mice deficient in sIgA (IgA Ϫ/Ϫ , J chain Ϫ/Ϫ , poly-IgR Ϫ/Ϫ ) showed efficient vaccine-induced protection against some respiratory viral mucosal pathogens (22, (25) (26) (27) .
Because of the great diversity of microorganisms present in the gut, the repertoire of IgA Abs is expected to be very diverse. The repertoire of IgA V H genes in adult humans suggests a wide dissemination of clonally expanded B cells, usually with high numbers of somatic mutations (28, 29) . To evaluate the IgA repertoire in the mouse, an IgA RT-PCR was developed to analyze the variation in H chain CDR3 (H-CDR3) lengths among IgA-producing intestinal B cells. The IgA repertoire expressed by intestinal IgAproducing plasmablasts was analyzed in several strains of mice, of which some had genetic defects resulting in either predominantly B-1 or B-2 cells.
Materials and Methods

Mice
BALB/c and C57BL/6 mice were obtained from The Jackson Laboratory. CBA/N and CBA/Ca mice were obtained from Harlan Nederland, and the A/J and A/WySnJ mice were kindly provided by M. Cancro, University of Pennsylvania. BALB/c, C57BL/6, CBA/N, CBA/Ca, A/J, and A/WySnJ mice were used to obtain small intestine and spleen samples. Mice were kept under CNV conditions. PP were surgically removed from the small intestine and analyzed separately. Approximately 1-cm-long parts of the ileum and one-third of the spleen were embedded into TissueTek OCT medium (Sakura Finetek) and snap frozen (Ϫ80°C) for cryostat sectioning, and the remainder of the duodenum and ileum was used for bulk RNA isolation.
RT-PCR
RNA was isolated by the TRIzol method (Invitrogen Life Technologies), according to the manufacturer's instructions, from PP, the small intestine cleared of PP (hereafter called LP), sorted splenic B cells (IgD high IgM low ), and from different numbers (1-7) of 7-m LP cryostat sections. cDNA was produced by using random hexamer primers (Amersham Biosciences), and integrity of the cDNA was controlled by ␤-actin PCR, using an upstream (5Ј-CCTAAGGCCAACCGTGAAAAG-3Ј) primer and a downstream (5Ј-TCTTCATGGTGCTAGGAGCCA-3Ј) primer. Spectrotype V H gene PCR were done with an upstream IGHV5 (PC7183) V H gene family-specific framework region 3 (FR3) primer (5Ј-ACAGTCTGAGGTCTGAGGACAC-3Ј) or an IGHV1 (J558) V H gene family-specific FR3 primer (5Ј-GCCTGACATCT GAGGACTCT-3Ј) in combination with a downstream 5ЈFAM-labeled IgA C region primer (5Ј-CTCAGGCCATTCAGAGTACA-3Ј). The downstream primer was labeled with the fluorescent label FAM for the purpose of detecting the different PCR fragments during gel electrophoresis. For cloning, a universal V H gene primer (5Ј-AGGTSMARCTGCAGSAGTCWGG-3Ј) (30) was used in combination with the previously mentioned IgA C region primer. A total of 1 or 2 l of cDNA was amplified by PCR in a 25 l reaction mixture containing 0. 
Cloning
IgA V H genes were cloned and sequenced from PCR products derived from LP of CNV C57BL/6, BALB/c, CBA/N, CBA/Ca, A/J, and A/WySnJ mice. PCR products were cloned directly into pCR4 TOPO vector (Invitrogen Life Technologies) and sequenced using an automated sequencing device, as described (31) . Before cloning, the PCR fragment of interest was cut out of the agarose gel and purified using the agarose gel extraction kit (Qiagen), according to the manufacturers' instructions. 
Immunohistochemistry
Cryostat sections adjacent to the sections used for RNA analysis were stained with a peroxidase (PO)-labeled goat anti-mouse IgA Ab. PO activity was revealed by 3-amino-9-ethylcarbazole containing 0.01% H 2 O 2 . For orientation, nuclei were counterstained with hematoxylin.
V H gene analysis
V H sequences were compared with each other and with germline sequences in the European Molecular Biology Laboratory database (͗www.ebi.ac.uk͘, pp. 8, 12, 29) , the International Immunogenetics information system (IMGT) database (͗http://imgt.cines.fr/͘, pp. 8, 12, 29) , and published IGHV1 (J558) V H genes (32) . Replacement over silent (R/S) ratios for FR and CDR were determined, as described (33) . The Taq-polymerase error rate was calculated to be 1:1014 (22 errors in 22,309 nt) on the basis of all sequenced IgA C regions. Clonal relationship among sequences derived from the same mouse was defined as having identical V-D-J junctions.
Results
IgA-producing cells in PP and LP show a restricted CDR3 repertoire
CDR3 length spectrotyping is a method that is based on the length variability of the CDR3 due to the use of different D and J genes and to insertion or deletion of nucleotides during the V(D)J rearrangement process. If a PCR is performed using primers for FR3 and a C region on a polyclonal B cell population, a Gaussian distribution of different fragment sizes is expected, which can be visualized by automated fragment length analysis (34, 35) . This method has been used to determine the average H-CDR3 length among polyclonal IgM-producing B cell populations in the rat (33) . We confirmed such random distribution among IgM ϩ RF-B cells in the mouse. Fig. 1 shows polyclonal patterns of H-CDR3 lengths among the IgM molecules. Subsequently, the distribution and average of the H-CDR3 lengths of IgA V H -D-J H rearrangements from Ab-producing cells in the LP of the small intestine and from the PP of conventionally reared C57BL/6 and BALB/c mice were analyzed. V H gene primers for both the IGHV5 (PC7183) and the IGHV1 (J558) V H gene FR3 family were used. Because it has been calculated that in conventionally reared mice ϳ10
8 IgA-producing plasmablasts are present within the LP of the small intestine (36), a similar polyclonal distribution among these IgA-producing plasmablasts was expected. To our surprise, H-CDR3 spectrotypes from PP and LP from both mouse strains reveal a distribution of the peak intensities of H-CDR3 lengths that differs from a Gaussian distribution in all IgA samples analyzed ( Fig. 2 ), in contrast to the H-CDR3 spectrotypes of IgM ϩ splenic RF-B cells from the same BALB/c and C57BL/6 mice. This non-Gaussian distribution will be referred to as restricted repertoire in the remainder of this work. The restricted repertoire in the LP samples in both the IGHV5 (PC7183) and the largest mouse V H gene family IGHV1 (J558), which contains at least 50% of the V H genes, was very unexpected, because our samples contain many IgA plasma cells (36) .
Another surprising finding is the similarity between the patterns observed in the PP and the LP samples within one mouse. Each mouse has its own unique spectrotype pattern, and this pattern is conserved between the LP and PP.
To further extend these observations and to eliminate possible contributions of ILF to the spectrotype analysis from LP samples, we analyzed cDNA samples that were directly obtained from cryostat sections of the small intestine from the same mice used for the original RNA isolations. The same pattern as obtained from PP and LP from the same mouse was found. The similar patterns between the spectrotypes derived from cryostat sections and from the total LP when derived from the same mouse show that the amount of IgA cDNA is not the limiting factor in the spectrotype analysis of total LP. In parallel, adjacent sections were stained with anti-IgA, and they show the abundance of IgA plasma cells in those sections, and the absence of ILFs (Fig. 3) .
Both B-1 and B-2 cell-derived IgA plasma cells show a restricted repertoire
To analyze whether the observed restriction in H-CDR3 spectrotypes is found in both B-1 and B-2 cell-derived IgA plasma cells, H-CDR3 spectrotype analysis was performed on cDNA samples that were obtained from the LP of conventionally reared CBA/N, CBA/Ca, A/J, and A/WySnJ mice. CBA/N mice carry a mutation (xid) in the Btk gene, leading to a lack of B-1 cells, while CBA/Ca mice are their normal controls (37) . The A/WySnJ mice carry a ϳ4.7-kb gene insertion that disrupts the 3Ј end of the BR3 gene (Bcmd mutation) (38, 39) , resulting in a peripheral B cell deficiency. Moreover, this Bcmd mutation reduces the life span and pool size of peripheral B-2 cells, but has no effect on peripheral B-1 cells. The A/J mice are their normal controls. Similar to the control mice, both B-1 and B-2 cell-enriched mice (A/WySnJ and CBA/N, respectively) show a restricted H-CDR3 spectrotype pattern of IgA (Fig. 4) . The A/WySnJ and A/J mice show more diversity in H-CDR3 length than the CBA mice and the previously mentioned BALB/c and C57BL/6 mice. Despite this higher diversity in the A/J and A/WySnJ strains, all analyses show no normal (Gaussian) distribution of H-CDR3 lengths in their spectrotypes. Furthermore, each spectrotype appears to be unique for each mouse separately.
Cloning of expressed V H genes confirms the restricted repertoire as observed by spectrotype analysis
To confirm and extend these observations, V H -D-J H rearrangements from LP samples of the conventionally reared BALB/c, C57BL/6, A/WySnJ, A/J, CBA/N, and CBA/Ca mice were amplified by RT-PCR, cloned, and sequenced. A universal V H gene primer combined with a C␣ exon1 primer was used for this cloning experiment to amplify all possible V H gene families (30) . From each sample, 9 -13 V H genes were analyzed, resulting in analysis IgA plasma cells were stained (brown) by goat antimouse IgA PO, followed by 3-amino-9-ethylcarbazole substrate, and nuclei were counterstained (blue) by hematoxylin.
of a total of 61 V H genes. In each sample, except for the A/WySnJ and A/J mice, we observe multiple V H sequences that have identical V H -D-J H joining sequences and thus represent clonally related sequences. This confirms the restricted repertoire as revealed by H-CDR3 length spectrotyping. The number of clonally related sequences varies from two to three clonally related members (Table I). Among these clonally related sequences, differences (greater than Taq error) are found within the V H genes. The seven clones represent 26% of the total amount of sequences.
The restricted nature of the repertoire is strengthened by the multiple usage of particular V H genes. Similar germline V H gene usage is, for instance, found in C57BL/6 mice (five of eight sequences used V H gene J00354). Another example is V H gene S58456, which is used by two clonally unrelated sequences derived from a BALB/c mouse. Most V H genes belong to the large IGHV1 (J558) V H gene family, but also members of the IGHV2 (Q52), IGHV3 (36 -60), IGHV5 (PC7183), IGHV6 (J606), and IGHV14 (SM7) V H gene families were identified (Table II) .
Many nonshared somatic mutations among clonally related cells suggest lack of antigenic selection
V H gene sequences were compared with each other and with germline sequences in the European Molecular Biology Laboratory database (͗www.ebi.ac.uk͘, pp. 8, 12, 29) , the IMGT database (͗http://imgt.cines.fr/͘, pp. 8, 12, 29) , and published IGHV1 (J558) V H genes (32) . Among the sequences, the mutation frequency varied between 0 and 13% (0 -28 mutations), and there were 12 germline-encoded sequences.
Among clonally related sequences, the pattern of somatic mutations was analyzed by comparison with known germline V H sequences and analysis of shared somatic mutations. In the clonally related sequences, a pattern of somatic evolution is found that was different than observed during affinity maturation in GC. In GC, B cells are selected that accumulate mutations that favor binding to the selecting Ag, resulting in B cells that have Abs with higher affinity for the selecting Ag (40) . In our clonal trees, however, the majority of somatic mutations are not shared among clonally related sequences (Fig. 5) . R/S ratios for FR and CDR were determined, as described (33) , and most sequences (41 of 61) show no significant differences in their CDR and FR from what would have been expected from random distributed mutations (Table II) . Of the sequences that do show a significant deviation from the expected ratio, 12 deviations are in the FR and 13 in the CDR (41).
Discussion
The IgA H-CDR3 spectrotype analysis of CNV BALB/c and C57BL/6 mice suggests a large expansion of IgA-producing cells from a limited number of precursor cells. Furthermore, the IgA H-CDR3 repertoire is very similar between the inductive (PP) and effector (LP) site from the same mouse, based on spectrotype analyses. Even when RNA from four 7-m cryostat sections is used, the same unique pattern can be recognized, suggesting that this coincidence is independent of contributions of B cells from ILF inductive sites. The fact that we find identical spectrotype patterns from whole tissue samples and cryostat sections also indicates that the amount of IgA in our samples is not the limiting factor. One peak in the spectrotype may not represent one single rearrangement in the non-Gaussian distribution pattern, but the distribution pattern among IgA-producing cells is clearly different from the Gaussian normal distribution observed among polyclonal B cell subpopulations, such as follicular splenic B cells. The spectrotype analysis of other strains of mice, the CBA/N, CBA/Ca, A/WySnJ, and A/J mice, shows a similarly restricted H-CDR3 repertoire. The spectrotype pattern of the A/WySnJ and A/J mice seems to be less restricted than that of the other mouse strains, which might be due to strain-specific differences in V H gene diversity or environmental differences. Also, in humans it has been observed that IgA and IgM H-CDR3 repertoires from human colon samples can be restricted (29) . In these samples, identical H-CDR3 patterns in two separate colon biopsies were found, whereas the IgA and IgM repertoires from PBMC were completely different (29) .
Although it is likely that gut IgA plasmablasts producing the highest levels of mRNA may swamp out the contributions of IgA ϩ B cells to the pool of amplified cloned V H genes that are expressed, our findings do suggest oligoclonality among these activated productive cells. This finding then still poses the problem of their selective activation. The fact that we find several clonally related sequences in such a small sample supports our findings with the spectrotype analysis in that there is a restricted usage of specific V H genes. Cloning and sequencing experiments on splenic IgM-producing cells did not reveal clonally related sequences at all (data not shown). The mutation pattern of the clonally related IgA V H genes suggests that selection of the cells expressing these genes is probably not driven by selection for the highest affinity, as seen in a typical GC reaction involving B-2 cells. In GC, B cells are positively selected and accumulate mutations that favor binding to the selecting Ag, resulting in B cells that have Abs with high affinity for the selecting Ag (40) . However, in our clonal schemes, the majority of the somatic mutations are not shared among clonally related sequences (Fig. 5) . Although the observed sequences were derived from the same cloning experiments, the level of somatic mutations within the V H region among sequences that had identical V-D-J rearrangements was clearly higher than expected from our calculated Taq polymerase error of 1:1014. This provides evidence that the cDNA was derived from independent (clonally related) plasmablasts. The observation that most of these somatic mutations were not shared among clonally related sequences strengthened this notion. It is important, however, to keep in mind that the recovered sequences represent only part of the actual clone. Some mutations were shared in the clones derived from the CBA/N mice. A possible explanation may be that the germline gene in this strain has a different sequence than the closest known germline sequence. Alternatively, it is possible that some clonal selection is occurring in the CBA/N mice. Furthermore, most R/S mutation ratios among FR a Clonally related sequences are placed directly underneath each other and are indicated by a thick borderline. Germline sequences are defined as described as such within the IMGT database, the J558 V H gene database (32) , or the EMBL database or when identical (Ͻ2 nucleotide differences) V H genes can be found in at least two independently derived sequences. Observed and expected replacement/silent mutations ratios are calculated for aa 10 -104 as described before (33) . The probability ( p) that an excess or scarcity of replacement mutations in H-CDR or H-FR results solely from chance is negated by the significantly low probability values ( p Ͻ 0.05, shown in bold) calculated according to the binomial distribution. and CDR suggest no significant deviation from the expected ratio by random mutations (41) . Similar conclusions about antigenic selection were drawn in a study by Sehgal et al. (42) . Together, these findings imply that selection among IgA V H genes is probably not driven by selection for the highest affinity in a typical GC reaction.
There are at least two, not mutually exclusive, explanations for these findings. First, the clones of IgA-producing cells found in the gut develop and expand from a limited number of precursor B cells outside of GC of gut lymphoid tissue; the high number of divisions lead to random, nonshared mutations without induction of the somatic hypermutation process. The restricted nature of the selection is not compatible with polyclonal B cell stimulators such as LPS as a driving force for this expansion, unless other B cell-specific superantigens such as Staphylococcus aureus protein A could selectively expand particular B cells (43) .
The second explanation for these findings could be that the IgA B-2 cell precursors are selected within the GC of PP or ILF, but on the basis of other criteria than currently accepted. Normally, Ag selection is driven by competition for a limiting amount of Ag (44, 45) . In the case of the continuous presence of Ags derived from gut commensal bacteria in the GC, survival of many B-2 cells without affinity maturation may occur because of the lack of competition. In addition, presentation of arrays of repetitive microbial determinants on the surface of follicular dendritic cells could even lead to T cell-independent selection of these B cells. This could explain why even in TCR ␤,␦ knockout mice an IgA response induced by gut microorganisms could be observed (8) . Non-T cell-derived cytokines in these GC could favor the isotype switch to IgA (46) . Because B-1 cells are not found in GC of PP and presumably not in those of ILF, these cells must undergo their Ag selection and expansion at other sites. In SCID mice reconstituted with B-1 cells in combination with T cells, we observed large numbers of dividing IgA ϩ cells in the mesenteric lymph nodes, suggesting that this could be an alternative site for Ag stimulation in these mice (47) .
In one of our clones, we observed a very high number of somatic mutations (25 mutations) compared with the original germline V H sequence (Fig. 5) . This is in line with the high number of somatic mutations in human gut IgA V H genes (28) . This could be explained by chronic stimulation by commensal organisms, which is in accordance with the age-dependent accumulation of somatic mutations in human V H genes (48) . Alternatively, we cannot exclude the possibility of V H gene replacement, because the observed highly mutated V H gene shows more similarity to other V H genes than to the original germline V H gene. A third possibility is that this sequence, although it has the same V-D-J joining region, is not part of the same clone and uses a different germline V H gene.
In conclusion, the IgA repertoire that is induced by commensal gut organisms is very restricted. This is true both for B-1 and B-2 cells and may be an inherent property of the mucosal immune system. The affinity of most produced IgA might not be the most critical factor for its function, but simply the abundance of large amounts of IgA that can bind with relatively unselected affinity to redundant epitopes on gut organisms and control these populations. Superimposed on this primary pathway, the B-2 cells have the property to undergo high affinity selection for particular epitopes of virulence factors of pathogenic organisms that are present in limiting amount in the microenvironment of the GC of the PP. This dual model for IgA repertoire selection may explain the peaceful coexistence of commensal organisms that do induce large amounts of natural IgA, while at the same time specific mucosal IgA responses can completely protect against pathogenic microorganisms.
